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Abstract: Interbody fusion devices are gaining acceptance as a treatment method of mainly for disc 
degeneration diseases and other medical conditions. Posterior lumbar interbody fusion (PLIF) cage is used 
in the procedure to maintain stability and promote fusion between vertebrae. Poly lactic acid (PLA) is 
assumed to be the alternative material which could provide cheaper material and lower production cost. 
However, these implants often cause subsidence failure at the endplate, resulting in injury risk and 
mechanical instability during fusion. In this study, the stress behavior of PLIF cage made by two different 
materials, Polyether ether ketone (PEEK) and PLA; was studied using finite element method (FEM). By 
implementing bilateral cages between vertebral bone L4 and L5, and conducting 6 different motion 
activities onto the model, the stress distribution of L4-L5, and cage bodies was predicted. Simulation results 
predicted that the cage subsidence occurred at both materials, with an overall of higher cage-endplate 
stresses for PEEK, in comparison to PLA and controlled configurations. In addition, the stress distribution in 
PLA cage was better and the maximum von Mises stress was approximately 3 times lower than PEEK cage. 
Further investigation of PLA cage’s mechanical properties should be done experimentally to determine the 
accuracy and reliability of the simulation. 
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1. Introduction 
Spinal fusion has been a widely applied surgical procedure to treat spinal disc degeneration diseases that 
was due to the degeneration of annulus fibrosus. It is reported that in 2012, the spinal fusion procedures 
made up to 5.7 % of total operating room procedures performed in the United State (US) and it ranked at 5th 
from 15 other procedures. In addition, in between 2003 and 2012, the average annual percentage change of 
spinal fusion procedures was increasing 3.1% each years [1]. Posterior lumbar interbody fusion (PLIF) cage 
was mainly manufactured using Titanium (Ti) and Polyether ether ketone (PEEK). Although many 
impressive clinical results yielded in Ti cage’s trials, excessive material and production cost has made the 
cost-effectiveness of using Ti arguable [2], [3]. Either Ti or PEEK, same problem is reported on the cage 
subsidence failure and stress shielding at cage-endplate interface that might lead to fracture risk [4]. Metal 
cage was often failed to stimulate bone tissue fusion and remodeling by effectively transferring loads [5], [6]. 
Usage of biodegradable polymer; e.g. poly lactic acid (PLA) has gained growing consideration due to its 
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degradability, cheaper fabrication cost and similar mechanical properties to those of the vertebral bone [5], 
[7]. In spite of these advantages, PLA’s strength level is notably inferior to Ti and PEEK cage, and it is 
difficult to define proper degradation rate that can ensures sufficient support during the healing and fusion 
process of the bone [8]. The advancement in fabrication technology has gave birth to 3D rapid prototyping, 
which allowed the consumer for cheaper and more complex cage design using PLA [9], [10]. In order to 
exploit these modern fabrication technique, it is important to understand the effect of different polymer 
materials used as PLIF cage to the stress behavior of implanted vertebral bone. Finite element analysis (FEA) 
method appears to be the most impressive tool for the investigation of the mechanics of bone and cage 
structures [11].  
In this study, FEA was used to calculate the stress distribution on the lumbar vertebrae and the spinal 
cage with PEEK and PLA as the cage’s built material. A finite element (FE) model without any cage and 
posterior instrumentation (PI) implanted was used as the control model. This study objectives is to 
quantitatively analyze and compare the biomechanical effect of using two different biomaterials, i.e., PEEK 
and PLA as the cage’s base material. The FE analysis should give enlightenment on the cage subsidence 
effect in the PLIF procedure and give insight to the stress distribution of the vertebrae and cage altogether.     
2. Material and Method 
2.1. FE Modelling 
FEA was applied in this study to evaluate the stress distribution and the cage subsidence phenomenon in 
the constructed lumbar vertebra. Concisely, thin-sliced computed tomography (CT) images were obtained 
from the fourth to five lumbar vertebrae, known as L4 and L5, respectively. The CT scan images were taken 
from a healthy 29-years old Japanese male (78 kg weight and 176 cm height) with a written informed 
consent permission received prior to the research. The FE model of L4 and L5 vertebrae was built using the 
CT images via the bone modelling function in the MECHANICAL FINDERTM software (Research Center of 
Computational Mechanics Co. Ltd. Japan). The anatomical structure of L4-L5 was obtained by utilizing the 
functions in the software and by extracting the region of interests (ROI) based on the extracted bone edges. 
L4 and L5 vertebral bodies were defined as cancellous bone core encased by a 0.4 mm thick cortical bone. 
Next, L4-L5 which consist of the cancellous bone, intervertebral discs and facet joint cartilage, were 
configured as solid tetrahedral elements of 1.0 mm in size; while the cortical bone was modelled with 1.0 
mm linear shell triangular elements. The model contained approximately 1286000 solid elements and 
91000 shell elements.   
The mechanical properties of the bone model was calculated using the Hounsfield Unit (HU) values, 
where the bone density of each tetrahedral element was defined as the average number of HU units inside 
each of the corresponded elements. Utilizing the relationship reported by Keyak [12], the value of Young’s 
modulus, yield stress and Poisson’s ratio were obtained for the heterogeneous bone model as shown in 
Table 1. Poisson’s ratio for the facet joints and intervertebral discs were defined as 0.45 and 0.2 respectively. 
While the Young’s modulus were set at 8.4 MPa and 11 MPa for the facet joint and discs, correspondingly 
[13]. Fig. 1 showed the solid and meshed model of the simulated L4-L5 vertebral bone attached with PI.    
A commercially available PLIF cage, TELAMON PEEKTM (Medtronic Sofamor Danek, Memphis, TN) with a 
dimension of 26 mm in length, 8 mm in height and 10 mm in width was used in this study. A conventional 
bilateral mode configuration was applied to simulate standard PLIF procedure in the L4-L5. PLIF surgery 
procedure was simulated in this study by trimming the facet joints in order to allow the application of the 
posterior pedicle screw fixation. This screw-rods posterior instrumentation (PI) included two rods and two 
screws with the diameter of 6.2 mm (rods and screws) and the screw length of 51.8 mm. Several part of the 
discs including the nucleus pulposus and the annulus fibrosus were subtracted to give space for bilateral 
cages insertion. In this study, the material properties of the spinal cage was defined as PEEK and PLA, as 
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shown in Table 2. PI components was defined as Ti-6Al-4V, and the mechanical properties was shown in the 
same table. All cages and PI components were modelled with the same tetrahedral elements, with minimum 
mesh size of 1.0 mm. The amount of bilateral spinal cage model’s solid element was approximately 108700 
elements.  
 
Table 1. Material Properties of Bone Model 
Young’s modulus 
       
Bone density 𝛒 𝐠/𝐜𝐦𝟑  
       𝜌      
  33,9  𝜌2 20     < 𝜌 ≤   27 
   ,3 7𝜌    9   27 < 𝜌 <     
    ,2  𝜌2 0     ≤ 𝜌 
Yield stress        Bone density 𝛒 𝐠/𝐜𝐦𝟑  
α        20 𝜌 ≤   2 
α =  37𝜌       2 < 𝜌 ≤   3 7 
α =    𝜌   2   3 7 ≤ 𝜌 
Poisson’s ratio Bone density 𝛒 𝐠/𝐜𝐦𝟑  
0.40    ≤ 𝜌 
 
 
Fig. 1. Simulated L4-L5 bone. 
 
Table 2. Material Properties of Spinal Cage 
Material Young`s 
modulus (MPa) 
Critical 
stress (MPa) 
Density 
(kg/mm3) 
Poisson 
ratio 
Stress 
relaxation 
PEEK 3.620   3 130 1.32   −6  0.39 0.1 
PLA 1.459   3 231.2 1.28   −6 0.4 0.1 
Ti-6Al-4V 1.14   5 970 4.43   −6 0.34 0.1 
 
2.2. Analysis 
Loading and boundary condition were applied in this study to represent the load during normal 
physiological activities of the spine. The FE models were loaded with two compressive loads of 10 kN and 
1000 N, and four rotational loads, namely as flexion, extension, lateral bending and axial rotation. As shown 
in the Fig. 2, the loads were applied on the superior surface of L4, where red nodes were represented. All 
nodes (referred as blue nodes in Fig. 2) on the inferior surface of L5 were constrained in every degrees of 
freedom. Maximal Drucker-Prager stress from PEEK, PLA, and no cage model configuration; together with 
different loading conditions were compared to evaluate the stress behavior of the spinal bone. Bone 
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fracture analysis was also evaluated on L4-L5 in order to predict and to find the distribution of bone 
fracture risk using the nonlinear Newton-Raphson method [14]. Observation on the predicted maximum 
von Mises stress distribution in the cage bodies was done to understand the effect of different materials and 
loading activities on the cage itself [15]. 
 
 
Fig. 2. Loading and boundary condition of FE model. 
 
3. Result and Discussion 
Based on the FEA, a cross section of L4-L5 images of stress distribution was taken to understand the 
stress behavior and the cage subsidence effect on both vertebral bones. Fig. 3 summarizes the 
Drucker-Prager stress distribution of different cage material configuration under each loading condition. 
Concentrated stresses were observed at the proximity of cage endplate; i.e., the inferior surface of L4 and 
superior surface of L5, and it was in agreement with previous FEM study [16]. The stresses distortion at the 
cage-endplate interface was highly caused by the difference in stiffness of the cancellous bone and the 
spinal cages. These might followed with cage subsidence, which occurred when the PLIF cages subsided 
into the vertebral body and induced kyphotic deformity [17]. High stress concentrated also occurred at the 
facet joints and spinous process which connected L4 and L5. Controlled-none cage result showed significant 
stress concentration in comparison with PEEK and PLA, especially for compression 10 kN, flexion, 
extension and axial rotation’s loading. These might be the result of installing PI together with PLIF cage into 
the bone model. PI which is generally applied to act as an auxiliary support system for the bone fusion 
process, was actually helping to decrease and stabilize the stress distribution inside the bone model. The 
functionality of PI was approved to decrease the stress distortion of cage-endplate interface and facet joints 
by at least half [18]. 
The Drucker-Prager stress was adopted in this evaluation as suggested by Bessho [19] , because this 
stress criterion was suitable for brittle material such as bone, and it also considered the contribution of 
hydrostatic stress.20 areas of interest (ROI) were selected from the models, by extracting 10 different slices 
from the superior to the inferior part of each vertebral bone model. Each slices thickness was 2 mm and the 
distance between adjacent slices was 3 mm. Fig. 4 represented the maximal Drucker-Prager stresses 
distribution of each ROI of L4 and L5. From the figure, PEEK and PLA configuration showed similar stress 
profile between all motion activities. At cage-endplate interface (ROI 10 and 11), a sudden increase in stress 
values were observed at every loading of PEEK and PLA. Excluding the lateral bending loading, where 
several spikes appeared; these stress spikes showed clearly that cage application had caused subsidence 
phenomenon inside the bone structure. As comparison, none cage setting exhibited much lower and 
uniform pattern at the compression of 10 kN, compression of 1000 N, extension and axial rotation. 
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Fig. 3. Drucker-Prager stress distributions for PEEK, PLA and None cages configuration. 
 
 
Fig. 4. Maximal Drucker-Prager stress distribution of (a) compression 10 kN, (b) compression 1000 N, (c) 
flexion, (d) extension, (f) lateral bending and (g) axial rotation. 
 
Based on Fig. 4, maximal Drucker-Prager stresses of the cage-endplate interface were plotted and showed 
in Fig. 5. Under extreme compression of 10 kN, Drucker-Prager stresses for PEEK, PLA and None were at 
1186.5 MPa, 1863.2 MPa and 480.6 MPa, respectively. For another loading of compression 1000 N, flexion, 
extension, lateral bending and axial rotation; the stresses for PEEK cage were 20.9 MPa, 1 MPa, 4.9 MPa, 7.9 
MPa and 5.2 MPa; respectively. The Drucker-Prager stresses for PLA cage were 19.5 MPa, 1 MPa, 3 MPa, 4.3 
MPa, and 5.2 MPa for compression 1000 N, flexion, extension, lateral bending and axial rotation. Similarly, 
stresses for None cage configuration were 4.5 MPa, 1 MPa, 2.9 MPa, 4.8 MPa and 3.7 MPa. Under extreme 
compression of 10 kN, PLA was predicted to have higher stress value in comparison to PEEK. Similar 
Drucker-Prager stresses value were observed between PEEK and PLA for flexion and axial rotation. PLA 
showed lower stress value for compression of 1000 N, extension and lateral bending. Generally comparing 
with None cage configuration, PEEK and PLA showed relative difference value percentage from 1% to 365%, 
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and from -10% to 333%, respectively.  
 
Fig. 5. Maximal Drucker-Prager stress at cage-endplate interface. 
 
The largest relative difference of Drucker–Prager stresses showed by PEEK and PLA was under the 
compression of 1000N, which is at 365% and 333%, respectively. Therefore, von Mises stress distribution at 
cage bodies of PEEK and PLA, was observed to help us understand the load transfer mechanism between 
the vertebral endplate and implant bodies. The von Mises stress value was often used because it considered 
all of the normal and shear stress components acting in the material [15]. From Fig. 6, an extensive 
observation was the spotty stress distribution at the anterior superior edges and at the beneath side of 
inferior surface of each PEEK and PLA implants. The cage implant might had failed to distribute the 
compression load from the superior endplate surface to the beneath surface evenly, and it tend to deform 
the vertebral endplate by having the posterior and inferior edges of the implants to mainly support it.  
 
 
Fig. 6. Von Misses stress distribution on cage body of compression 1000 N loading. 
 
For compressive loading of 1000 N, the nominal contact stress could be calculated as 𝜎  𝐹 𝐴⁄  
   2 MPa (assuming full-face contact between cages and bone, where surface area of cage, 𝐴  99   mm2 
and 𝐹      N per cage). Comparing with the predicted maximum von Mises at cage bodies for PEEK and 
PLA which were 889.8 MPa and 248.1 MPa, respectively; the predicted von Mises for the model was 
between 50 to 178 times higher than the nominal contact stress. Comparatively, PLA cage exhibited lower 
maximal stress value and the stresses was predicted to spread largely on the lateral part of the implant. 
Thus, lowering the risk of vertebral-endplate deformation and risk of subsidence failure at cage edge 
proximity. 
4. Conclusion 
This study presents a FEM of PLIF spinal cage implanted bilaterally between L4 and L5 vertebral bone. It 
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was clear that spinal cage implant will trigger the cage subsidence at cage-endplate surface. In comparison 
to PEEK, PLA cages exhibited lower maximal stress at cage-endplate, making the failure risk lesser. 
Although, the production of high von Mises stress at cage edges is inevitable for PEEK and PLA, the stress 
distribution in PLA cage was better and the maximum von Mises stress was approximately 3 times lower 
than PEEK cage. Before confirming the degradation rate of PLA cage in vivo or in vitro, further experiments 
should be done to comprehend the mechanical properties of PLA cage structure made using the rapid 
prototyping method.  
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